The operation of the Three Gorges Reservoir (TGR) is an important driver of the recent hydrological changes in the lowlands of Dongting Lake, China. Nevertheless, there has been no convincing study on the quantitative effects of the TGR regulation on the wetland inundation process. Here, the temporal and spatial patterns of the response of wetland inundation in Dongting Lake to the TGR regulation are addressed in detail using a twodimensional hydrodynamic model, which can accurately reproduce the flooding and drying processes. The results show that temporal patterns of wetland inundation are altered by the TGR regulation, especially in the water pre-releasing period (May to early June) and the water storing period (late September to November). Spatially heterogeneous effects are also observed in Dongting Lake. These findings can help us to take measures at an early stage to effectively deal with the possible adverse effects of the normal operation of the TGR on Dongting Lake.
INTRODUCTION
Hydrological processes of wetlands, as the main physical driving forces of wetlands, greatly affect the structure and function of the wetland ecosystem and determine the ecological pattern and processes (e.g. Baird and Wilby 1999 , Casanova and Brock 2000 , Mitsch and Gosselink 2007 . Changes in hydrological processes may directly or indirectly change the ecological processes, leading to possible shifts in the ecosystem services of wetlands (Maltby and Acreman 2011) . For lowland wetlands, their inundation processes, such as inundation extent and depth, timing and duration, are controlled by the flow regimes of catchments. Hydrological modifications induced by regional development and climate change will alter these hydrological conditions (Murray-Hudson et al. 2006 , Milzow et al. 2010 . Wetland ecosystems are very sensitive to hydrological changes. Thus, understanding such hydrological changes is essential for water-related administrations to make policies and restoration strategies aimed at maintaining the ecological services of wetlands.
There is a large amount of literature involving the investigation of hydrological responses to human activities and climate change. Direct human modifications by dams have been of wide concern because of the marked influence of dams on hydrology; in particular, in-depth studies of their ecological effects have been reported in recent decades (Magilligan and Nislow 2005 , Nilsson et al. 2005 , Graf 2006 , Moyle and Mount 2007 , Poff et al. 2007 , Botter et al. 2010 , Poff and Zimmerman 2010 . Dam impacts occur at different temporal and spatial scales. For landscapescale effects (e.g. at global and regional scales), data-driven approaches (e.g. statistical method) based on long-term monitoring data are commonly used (Nilsson et al. 2005 , Poff et al. 2007 . The results of these large-scale studies provide excellent understanding about the dam impacts on regional environments.
For further study focusing on local-or sitespecific effects of dams on downstream riparian wetlands, more detailed temporal and spatial scales are involved (Egger et al. 2012) . Data-driven approaches may suffer from the unavailability of long-term monitoring data at this scale. Also, they cannot make a good extrapolation for prediction in the case of complex river regimes. A modelling approach provides an excellent alternative for the analysis of dam impacts, as argued by Petts and Gurnell (2005) . Mathematical models, especially physically-based models, can be used to project future changes based on the analysis of different scenarios (e.g. Murray-Hudson et al. 2006 , Milzow et al. 2010 . Regardless of uncertainties, they have been recognized as efficient tools and are widely used to quantitatively analyse and predict hydrological responses to river regulation (Bolster and Saiers 2002 , Finger et al. 2007 , Fang et al. 2012 .
Dongting Lake in China has complex flow regimes because of the interaction with the Yangtze River. The long-established hydrological rhythm gives rise to a particular wetland landscape and rich biodiversity in Dongting Lake. The Three Gorges Reservoir (TGR) in the main stream of the Yangtze River has huge regulation capacity (22.15 × 10 9 m 3 ) and its regulation may alter the flow regimes in Dongting Lake significantly. However, no study has examined this in detail. Therefore, the main purpose of this paper is to identify the contribution of the TGR regulation to the hydrological regime of Dongting Lake. A two-dimensional hydrodynamic model capable of reproducing the flooding and drying processes of flows is adopted in this work. Based on the modelled results, the spatially heterogeneous effects of the normal operation of the TGR on Dongting Lake are then derived and analysed.
MATERIALS AND METHODS

Study area
Dongting Lake ( Fig. 1(a) ) is the second largest freshwater lake in China, with a surface area of about 2625 km 2 (Dou and Jiang 2000, Peng et al. 2004 ). It consists of three sub-lakes, i.e. East, West and South Dongting lakes. All three sub-lakes include permanent water areas and large periodically-inundated areas, i.e. lake bottomlands. The lake bottomlands are normally inundated by surface water in the flood season and exposed in the dry season. Both the largest water area and largest bottomland lie in East Dongting Lake. The entire lake has a very complex terrain and morphology. The bathymetry of most of the bottomlands ranges from 22 to 27 m in East Dongting Lake, 24 to 29 m in South Dongting Lake and 27 to 30 m in West Dongting Lake. Their respective curves of elevation-area are shown in Fig. 1(b) . Dongting Lake naturally connects to the middle main stream of the Yangtze River. It is fed by the Yangtze River via the Sankou distributary channels in the north, the Lishui and Yuanjiang rivers in the west, and the Zishui and Xiangjiang rivers in the south. The Lishui, Yuanjiang, Zishui and Xiangjiang rivers in the Dongting Lake catchments are normally referred to as the "Four-Rivers". The water from these inlets finally enters the Yangtze River at the unique lake outlet, Chenglingji hydrological station. Its annual total volume of inflow water is 312.6 × 10 9 m 3 , including 118.0 × 10 9 m 3 from the Yangtze River. The runoffs of the Yangtze River and Four-Rivers have remarkable intra-annual variations which can be seen from the daily discharge hydrograph of 2008-2010, shown in Fig. 1(d) and (e). Under the interaction between the Yangtze River and Four-Rivers, Dongting Lake forms particular flow regimes featured by a dramatic intraannual fluctuation of water level (Fig. 1(c) ). The mean The water extent (surface area) of Dongting Lake also varies with water level, because of the flooding and drying of the lake bottomlands. The lake is usually filled with water in the flood season from June to September, and at that time the maximum surface area is reached. The lake level decreases gradually toward the dry season after October. In the dry season, the lake bottomlands are exposed and the water area reaches about 500 km 2 , the minimum surface area in the year (Li et al. 2010) . Then, the bottomlands of Dongting Lake are flooded again from the following April.
Dongting Lake is an important part of the Yangtze River as a priority eco-region for global conservation (Olson and Dinerstein 2002) . The three natural wetland reserves, East, South and West Dongting Nature Reserves inside the lake area are all denoted as Ramsar sites of international importance by the Ramsar Convention on Wetlands (see http://www. ramsar.org). In spite of its importance, the alternation of hydrological regime of Dongting Lake resulting from various human activities is now threatening the wetland ecosystem. In recent years, severe seasonal droughts have frequently occurred in Dongting Lake, giving rise to much debate, and attracting the attention of both the government and the public (Qiu 2011) . The construction of dams is recognized as the main driving force of change of a hydrological regime. However, most of the dams in Four-Rivers of Dongting Lake were built before the 1980s. Therefore, other influencing factors should be sought and considered to account for the recent changes.
TGR located on the upper-middle mainstream of the Yangtze River, about 300 km upstream of Dongting Lake, is an annual storage reservoir, mainly serving for flood control, power generation and shipping 
Hydrodynamic model for Dongting Lake
The model used in this study is a two-dimensional (2D) hydrodynamic model based on shallow water equations. The governing equations are formulated as:
where U = (h,hu,hv) T is the vector of flow variables, with h the water depth, and u and v the depth-averaged velocities in the x-and y-directions, respectively; F = hu, hu 2 + 0.5gh 2 , huv T and G = (hv, huv, hv 2 + 0.5gh 2 ) T are the flux vectors in the x-and y-directions, respectively, where g is the gravitational acceleration; B = (0,gh(S 0x − S fx ), gh(S 0y − S fy )) T is the vector of the source term, where S 0x = −∂ x Z b and S 0y = −∂ y Z b define the x-and ydirectional bed slopes, and S fx = ρn 2 uh −4/3 √ u 2 + v 2 and S fy = ρn 2 vh −4/3 √ u 2 + v 2 are the two Cartesian components of friction slope with n denoting the Manning coefficient.
The 2D shallow water equations (equation (1)) were discretized on the combination of quadrilateral and triangular grids using the finite volume method. The approximate Riemann solver, HLLC scheme (Toro 2001 ) is used to compute the fluxes. The model has been specially designed to accurately reproduce the flooding and drying processes in Dongting Lake. It can effectively simulate water level and horizontal velocity over the computational domain, including flow routing over the dry bed, as verified by Lai et al. (2012) .
To model the hydrodynamics of Dongting Lake, unstructured grids consisting of 10 676 nodes and 10 324 cells were generated, as shown in Fig. 2 . The size of grid lines ranges from 20 (narrow channels) to 2000 m (large water area with small changes of bed elevation) to depict the lake topography in detail. The Manning roughness coefficient, n is computed using the expression n = n 0 -1/6 , considering that it varies with water depth, h. Thus, five blocks are considered in Dongting Lake: the main channel, three kinds of floodplains comprising sedge, reed and woods, and a large open water area, whose n 0 values are in the range 0.02-0.032 (Lai et al. 2012 ). The 2D model has one outflow boundary at Chenglingji and eight inflow boundaries: the Four-Rivers in the Dongting Lake catchment and the four inlets from the Yangtze River. The present 2D model for Dongting Lake has been integrated with the 1D unsteady flow model for the Yangtze River and Four-Rivers, as done by Jiang et al. (2007) and Lai et al. (2008) . Thus, the boundary conditions of the 2D model for Dongting Lake are automatically obtained when the integrated model runs. To run the model, one needs to impose the inflow discharge boundaries of the Yangtze River and Four-Rivers and the outflow rating curve boundary of the 1D model for the Yangtze River. Initial values of water velocity and level are obtained by running the model while imposing the steady boundary values at the starting time. 
Modelling of wetland inundation and impacts of the TGR
The TGR pilot impoundment of 175 m level started in 2008 and it has operated at full capacity (the water level of 175 m) since 2011. Here, the pilot operation from 2008 to 2010 was selected to investigate the possible effects of the normal operation of the TGR on the inundation of the Dongting Lake wetland. First, the hydrodynamics in Dongting Lake for 2008-2010 when the Three Gorges Dam was in operation was simulated after imposing inflow boundary conditions as described in Section 2.2.The modelling results were validated with water-level measurements at the main gauging stations. The calculated hydrographs of water level for 2008-2010 matched well with measurements, as shown in Fig. 2 . The values of Nash-Sutcliffe efficiency are all >0.9 at the validated hydrological stations. Successful simulation suggested that the model was suitable to investigate the effects of the TGR operation on the inundation of Dongting Lake.
The changes in wetland inundation induced by the TGR regulation for the period 2008-2010 were achieved by comparing two scenarios, with and without the regulation of the TGR. To compare with the modelling results of the scenario with the TGR regulation validated previously (Fig. 2) , the scenario without the TGR regulation was generated by running the present model, changing discharge boundary of the Yangtze River while keeping other parameters, such as roughness coefficients, initial values and other boundary conditions, the same. From the modelling results of both scenarios, we could easily quantify the contribution of the TGR regulation to inundation extent, depth, timing and duration in Dongting Lake by comparing the hydrodynamic outputs.
RESULTS AND DISCUSSION
Inundation extent and depth
The TGR regulation changed the spatial and temporal patterns of inundation extent and depth. Annual regulation of the TGR resulted in a slight change in the annual mean water depth of Dongting Lake. However, large differences of depth exist between the scenarios with and without the TGR effects in some given time periods corresponding to the TGR regulation.
In the dry season, from December to the following April, the TGR maintains stable discharge of over 5000 m 3 s -1 , which is higher than the normal baseflow. Hence, the water extent and depth increase slightly in this period. A "snapshot" of the variations in water extent under the TGR regulation on 1 March 2010 and the corresponding variations in water depth is shown in Fig. 3(a) . The water depth over the entire lake increased on average by 0.1 m and the extent increases by 42 km 2 .
In the pre-flood season, from May to early June, the release of water to reserve flood storage capacity further increases the inundation extent and depth, the magnitudes of variations varying with the hydrological conditions present. The high flood peak may be attenuated by reducing the discharge to downstream in the flood season, from July to September. The water extent may change slightly because of the constraint of dikes, while the depth may decrease significantly at the peak flood time. For example, the reduction in peak flood level over the whole lake was 0.6 m on 30 July 2010, while there was no change in lake extent.
After the flood season, in October-November, the TGR begins to store water. The impoundment of the TGR greatly accelerates the reduction of the lake level. Furthermore, it leads to a significant decrease in surface water extent and water depth over the entire lake during impoundment. As shown in Fig. 3(b) , on 10 October 2010 the inundation extent had decreased by 387 km 2 and the depth by 0.3 m. To understand the variation of water depth (or water level) induced by the TGR regulation, we extracted the water level with and without the TGR regulation at four probes (A, B, C and D), located at East Dongting Lake, the two sub-lakes of South Dongting Lake and West Dongting Lake, respectively (see Fig. 1 ). Figure 4 shows a comparison of the hydrographs of water level in the sub-lakes, with and without the TGR regulation, together with the depth variation and frequency distribution of water levels at the four probes. The same pattern of depth variations can be seen in each time period, i.e. an increase from May to June, a significant decrease from October to November, and a slight increase from December to the following April. In the pre-flood season (MayJune), the water will be released from the TGR to the water level limit for flood control. The discharge to downstream will be much greater than the natural flow in this period. The increase in discharge increased the mean water depth by 0.31 m at Probe A, 0.14 m at Probe B, 0.06 m at Probe C and 0.05 m at Probe D for the 2008-2010 period. In the flood season (July-September), the TGR stores upstream flood water induced by heavy rain to alleviate the pressure of flooding downstream. The high flood peak in Dongting Lake is obviously attenuated (as shown in Fig. 4) , because of the temporary water storage by the TGR. However, water will be released after a flood event. Hence, the water volumes released to downstream are equivalent in the whole period. Thus the mean water depth change for 2008-2010 approached zero at all four probes. At the end of the flood season (October-November), the TGR gradually stores water to the normal level of 175 m again, and water supply to downstream is largely cut off. Thus, there is insufficient water supply to Dongting Lake, which causes a significant drop in water level in the lake during this period. The depth at probes A-D decreased by 0.52, 0.36, 0.19 and 0.13 m, respectively, for the 2008-2010 period. The greatest effects were seen in East Donting Lake, followed by the east of South Dongting Lake, the west of South Dongting Lake and, finally, West Dongting Lake. In the dry season (December-April), the water depth in Dongting Lake increased slightly; the mean increases in water depth at probes A-D were 0.05, 0.01, 0.02 and 0.01 m, respectively. J a n -0 8 J u l-0 8 J a n -0 9 J u l-0 9 J a n -1 0 J u l-1 0 J a n -1 1 J a n -0 8 J u l-0 8 J a n -0 9 J u l-0 9 J a n -1 0 J u l-1 0 J a n -1 1 noTGR TGR -2.0 -1.0 0.0 1.0 2.0 J a n -0 8 J u l-0 8 J a n -0 9 J u l-0 9 J a n -1 0 J u l-1 0 Depth variation (m) J a n -0 8 J u l-0 8 J a n -0 9 J u l-0 9 J a n -1 0 J u l-1 0 J a n - The frequency distributions of water level at the four probes are also shown in Fig. 4 . It can be seen that the TGR regulation changed the spectrum of the occurrence of water levels in Dongting Lake. Consistent modification of the frequency distribution was found at the low to medium water levels. The TGR regulation decreased the frequency of occurrence of water levels of: between 24 and 25 m in East Dongting Lake (Probe A), 25.5-26.5 m in the east of South Dongting Lake (Probe B), 27-28.5 m in the west of South Dongting Lake (Probe C), and 28.5-29 m in West Dongting Lake (Probe D). These levels are close to the elevations of the medium-elevation bottomlands of each sublake, which accounts for a large proportion of the area of Dongting Lake that can be seen from Fig. 1(b) . These results imply that the inundation frequency (or duration) of these bottomlands could be changed significantly by the TGR regulation; see also the analysis in Section 3.3.
Inundation timing
As a seasonally flooding lake, Dongting Lake experiences the processes of flooding in summer and drying in autumn every year. The TGR regulation affects the natural timing of flooding in the pre-flood season and of drying in the end-of-flood season over the bottomlands. Here, we take the changes at Probe A as an example to show the variations in the timing of the occurrence of flooding and drying. Table 1 lists the flooding date-the occurrence date of given water levels in the pre-flood seasons of 2008, 2009 and 2010-and the corresponding number of days ahead of time, or delay, after regulation of the TGR. It can be seen that the release of water from the TGR accelerates the rise of water level from May to June. In particular, the water level of Dongting Lake reached 24.5 and 25 m at 18 and 55 days ahead of time, respectively. Considering the fact that the heights of most bottomland areas vary from 22 to 27 m, it can be concluded that the release of water from the TGR results in inundation of the bottomlands ahead of time in the pre-flood season. However, we can also see that the water regimes in wetland inundation are still in the natural range, with significant inter-annual variations under the effects of the TGR regulation. The new water regime with the TGR just seems to be more stable. Table 2 shows the drying date-the occurrence date of given water levels in the end-of-flood seasons of 2008, 2009 and 2010-and the corresponding number of days ahead of time, or delay, due to regulation of the TGR. It is clear that the water storage in the TGR accelerates the reduction of lake levels and the low water level occurs earlier. The drying date of the bottomlands generally advanced in all three years; in particular, drying of bottomlands to the medium level, i.e. 24 m, occurred 6, 10 and 21 days ahead of time, respectively, in 2008, 2009 and 2010. 5(a) ), especially in East Dongting Lake. This unusual response was due to abnormal hydrological conditions: a winter flood event in the Upper Yangtze River Basin, which produced the abnormal interaction between Dongting Lake and the Yangtze River in the winter of 2008. Nevertheless, it is evident that the areas with significant changes of inundation days are mainly located in East Dongting Lake, while only small changes are seen in South and West Dongting lakes.
Inundation duration
The specific variations in water extent corresponding to the changed inundation duration (days) are summarized in Table 3 . For example, the variation in East Dongting Lake area was 257 km 2 , about 87% of total changed extent of the whole lake, where the inundation duration had decreased by over 10 days, and 40 km 2 (91%) for an increase of more than 10 days.
It also can be seen from Figure 5 that the spatial patterns of changed inundation duration are similar for the respective areas in each year. In East Dongting Lake, the TGR regulation increased the duration of inundation in both the high-elevation bottomlands and the edges of the lower bottomlands, but decreased it in the low-to medium-elevation ones. Similarly, in South and West Dongting lakes, the TGR regulation increased inundation duration in the mediumand high-elevation bottomlands, but decreased it in the low-elevation ones.
CONCLUSIONS
Hydrodynamic models, as scientific tools for the analysis of water regimes, are effective for quantifying the respective contributions to local hydrological changes by various human activities and climate changes. Based on the modelling results of the actual operations of the TGR in 2008, 2009 and 2010, the temporal and spatial patterns of the response of wetland inundation at Dongting Lake to the normal operation of the TGR are addressed in detail in this study.
Temporal patterns of wetland inundation were altered by the TGR regulation, especially in the periods of water pre-releasing (May to early June) and water storing (late September to November). The inundation extent, depth and duration declined significantly in the period of water storing after the flood season and low water levels started earlier.
In the dry and pre-flood seasons, the inundation extent and depth slightly increased. In the flood season, the whole lake filled with flood water. The TGR may attenuate the flood peak depending on the flood regime. As an annually-regulated reservoir, the TGR changes the seasonal pattern of wetland inundation, but keeps the fluctuating pattern, which is more stable than before the dam came into operation.
Spatially-heterogeneous effects were also observed at Dongting Lake. Large changes in inundation were observed in East Dongting Lake, but only small changes in South and West Dongting lakes. Changes in the inundation process were found in most of the lake bottomlands, but not in permanent water areas such as floodways and internal lake depressions, where only the water depth was affected.
Wetland plants of Dongting Lake have clear zonation, with mainly Phragmites and Carex growing in the bottomlands, and submerged aquatic plants in the shallow water. The alteration of inundation in lake bottomlands may cause changes in the succession of the vegetation community. The drop in water level ahead of time benefits the growth of vegetation in the autumn in the low-and mediumelevation bottomlands. Otherwise, a more stable flow regime will help to stabilize the zonation of the wetland vegetation and increase the productivity (Bunn and Arthington 2002) . However, the changed regime allows the invasion of non-native species and the establishment of other poorly-adapted species (Moyle and Mount 2007, Poff et al. 2007 ). This will lead to loss of biodiversity and possible degradation of wetland services.
The findings can help us to take measures at an early stage to effectively deal with adverse effects of the normal operation of the TGR. However, the effects of the operation of the TGR are very dynamic, complex and long-lasting for downstream rivers and lakes. Further continuous attention should be paid to monitoring and research with a view to understanding the effects of the TGR on the downstream lake wetlands, especially the ecological aspects.
